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Abstract  
The aim of this paper is the classification of the coast of Astypalaea Island (S.E. 
Aegean Sea) according to its susceptibility to an anticipated future sea-level rise, 
using the Coastal Sensitivity Index (CSI), and utilizing GIS technology. This index 
allows the following six physical variables: geomorphology, coastal slope, relative 
sea-level rise rate, shoreline erosion or accretion rate, mean tidal range and mean 
wave height, to be related in a semi-quantitative manner. Each variable is ranked on 
the basis of its potential contribution to physical changes on the coast as sea-level 
rises. Following the CSI calculation, a map is produced for the coastline of the 
island. This map showed that an extensive length of the coast (121.5 km, 
corresponding to 84.6% of the island’s coastline) is characterized as very low and 
low sensitive. Only 12.1 km of the coast, corresponding to 8.5% of the entire 
coastline, is characterized as very highly and highly sensitive to sea- level rise, 
primarily due to the low topography and the presence of highly erodible geological 
formations and landforms. Areas of high and very high CSI values host socio-
economically important land uses and activities as well as environmentally protected 
areas. 
Key words: Coastal Sensitivity Index (CSI), coastal geomorphology. 
Περίληψη 
Σκοπός της εργασίας είναι η κατηγοριοποίηση των ακτών της νήσου Αστυπάλαιας 
(Ν.Α. Αιγαίο) ως προς την επιδεκτικότητά τους στην αναμενόμενη (μελλοντική) άνοδο 
της θαλάσσιας στάθμης, εφαρμόζοντας το Δείκτη Επιδεκτικότητας Ακτών με τη χρήση 
της τεχνολογίας των Συστημάτων Γεωγραφικών Πληροφοριών. Ο δείκτης αυτός 
επιτρέπει τη συνεκτίμηση με ημι-ποσοτικό τρόπο έξι μεταβλητών: γεωμορφολογία, 
παράκτια κλίση, ρυθμός μεταβολής της σχετικής ανόδου της θαλάσσιας στάθμης, 
ρυθμός προέλασης/υποχώρησης της ακτογραμμής, μέσο εύρος παλίρροιας και μέσο 
σημαντικό ύψος κύματος. Η κάθε παράμετρος κατηγοριοποιήθηκε με βάση τις φυσικές 
μεταβολές που ενδέχεται να υποστεί η ακτή από την άνοδο της θαλάσσιας στάθμης. Η 
εφαρμογή του δείκτη οδήγησε στη σχεδίαση ενός χάρτη επιδεκτικότητας του νησιού 
στην άνοδο της θαλάσσιας στάθμης. Σημαντικό μήκος της ακτογραμμής (121.5km που 
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αντιστοιχεί στο 84.6% του συνόλου των ακτών του νησιού), εμφανίζει χαμηλή ως 
πολύ χαμηλή επιδεκτικότητα. Υψηλή και πολύ υψηλή επιδεκτικότητα στην άνοδο της 
στάθμης της θάλασσας, κυρίως λόγω της χαμηλής τοπογραφίας και της παρουσίας 
ιδιαίτερα επιρρεπών στη διάβρωση γεωλογικών σχηματισμών και γεωμορφών, 
εμφανίζουν μόλις 12.1 km των ακτών, που αντιστοιχούν στο 8.5% του συνόλου της 
ακτογραμμής . Οι περιοχές υψηλής και πολύ υψηλής επιδεκτικότητας συγκεντρώνουν 
σημαντικές κοινωνικοοικονομικά χρήσεις γης και τουριστικές δραστηριότητες, ενώ 
περιλαμβάνουν και περιβαλλοντικά προστατευόμενες περιοχές. 
Λέξεις κλειδιά: Δείκτης Επιδεκτικότητας Ακτών, παράκτια γεωμορφολογία.  
 
1. Introduction  
The global average temperature has increased over the past century. Although the global warming 
in the previous century was estimated to be 0.8oC, the rise in temperature in the last 30 years alone 
was 0.6oC at a rate of 0.2oC per decade as greenhouse gases became the dominant climate forcing 
(Rosenzweig et al., 2008). Perhaps the most commonly recognized impact of global warming is 
the eustatic rise in sea- level due to the thermal expansion of seawater and the addition of ice- melt 
water (Allen et al., 2006). The IPCC report of 2007 predicted that global sea- level will rise at least 
59cm by 2100. 
Recent projections of global sea- level rise due to climate change have generated an interest in 
coastal science to determine the response of coastlines to sea- level change. Various approaches 
have been proposed to predict the evolution of the coastal zone under the influence of anticipated 
sea-level rise. Each approach has its shortcomings or can be invalid for certain applications. The 
most important among these methods include the extrapolation of historical data (predominantly 
concerning the shifting of the shoreline), the application of static inundation models or simple 
geometric models like the Bruun Rule application of sediment dynamics models and probabilistic 
simulation based on parameterized physical forcing variables (Thieler and Hammar- Klose, 1999). 
Although a viable totally quantitative prediction of the coastal response to the sea-level rise is not 
available, the relative susceptibility of different coastal environments to sea-level rise may be 
quantified taking into account information on coastal geomorphology, rate of sea-level rise and 
other related factors. 
The aim of this paper  is to classify the coastal zone of Astypalaea Island with respect to its 
sensitivity to the anticipated future sea- level rise, through the calculation of the Coastal 
Sensitivity Index (CSI), similar to the formula proposed by Thieler and Hammar- Klose (1999). 
Identifying sections of shoreline susceptible to long- term sea-level rise is necessary for more 
effective coastal zone management, to increase resilience, and to help reduce the impacts of 
climate change on both infrastructure and human beings. Similar CSI calculation approaches have 
already been applied in Greece for the Aegean Sea Coast (Alexandrakis et al., 2009) as well as in a 
more detailed scale for the coasts of northeast Attica (Chatsieleftheriou et al., 2010), Argolikos 
Gulf (Gaki-Papanastassiou et al., 2011) and the Gulf of Corinth (Nasopoulou et al., 2012; 
Karymbalis et al., 2012). 
In this study, the term sensitivity (which means susceptibility) is used rather than vulnerability 
because the latter term generally refers to human vulnerability to particular hazards and therefore 
requests a consideration of socioeconomic factors such as population, infrastructure, etc.  
2. Study Area 
Astypalaea Island, the westernmost island of the Dodecanese group, 300km SE of mainland 
Greece, has an area of 96km2 and a coastline of 143.5 km (Figure 1). 
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The island has 1,310 inhabitants, (2011 Census). Along with numerous smaller uninhabited 
offshore islets (the largest of which are Syrna and Ofidoussa), it forms the municipality of 
Astypalaea which belongs to the Kalymnos regional unit. Astypalaea is an island that has suffered 
from coastal natural hazards in the past with most severe the 1956 AD southern Aegean Tsunami 
(Dominey-Howes et al., 2000; Okal et al., 2009). 
 
Figure 1 - Location and morphology of study area. 
A small band of land of roughly 10km, almost separates the island into two sections: the inner and 
the outer island (hence the name butterfly island). The low-land of the island is centered on this 
band of land. The highest mountain top has an altitude of 481m and is located in the western part 
of the island. Morphologically, the central part of the island is characterized by a gentle 
topography in whereas the western and eastern parts have a rough relief. 
Astypalaea Island is situated between the Late Cretaceous - Eocene high-pressure metamorphic 
belt of the Cyclades and the Miocene high-pressure metamorphic belt of the External Hellenides. 
It is made up of weakly metamorphosed limestones and marls of the Tripolis geotectonic unit, 
which are overlain by Eocene to Oligocene flysch formations (IGME, 1986). The post Alpine 
formations include Quaternary deposits such as coastal sediments and calcarenites. 
The 93.6% of the coastline of Astypalaea consists of coastal cliffs. Nearly 14.22% is occupied by 
rocky cliffs with slope greater than 30 degrees, 46.8% of the coastline is made of medium cliffs 
(slope values between10 and 30 degrees) and the rest is occupied by rocky cliffs with slope less 
than 10 degrees. Apart from cliffs, there are also other rocky coastal landforms on the island such 
as sea caves and coastal benches. Almost all the beaches of the island are characterized as pocket 
beaches and consist of cobble, pebbles and rarely sands. Pocket beaches are located mainly in 
Maltezana, Livadia and Panormos Bays.  
Astypalaea has been selected s a case study for the application of the Coastal Sensitivity Index 
mainly due to the geomorphic variation in coastal environments in addition to the prevailing 
socioeconomically important land uses and activities of the island such as agriculture and tourism.  
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3. Methodology and Data Collection 
The CSI estimated in this study is a modification of the Coastal Vulnerability Index proposed by 
Thieler and Hammar- Klose (1999), which modified the original index produced by Gornitz et al. 
(1994). This index allows six variables to be related in a quantifiable manner to express the 
relative sensitivity of the coast to physical changes due to future sea- level rise. The CSI is 
calculated as the square root of the product of six variables divided by their total number (six) 
(equation 1). The variables are ranked from 1 to 5 according to table 1, with a rank of 1, indicating 
very low sensitivity and a rank of 5 indicating very high sensitivity. For some of the variables, the 
ranges of sensitivity ranking proposed by Karymbalis et al. (2012) specifically for the coastal 
environment of Greece are taken into consideration. The six variables are: geomorphology, coastal 
slope, historic shoreline change, relative sea level rise rate, mean tidal range and mean significant 
wave height. 
Equation 1- Formula for CSI calculation 
CSI=√ (a*b*c*d*e*f)/6 
Data concerning the geomorphology variable were derived from detailed (at the scale of 1:5,000) 
field coastal geomorphological mapping. Since this variable also represents the bedrock 
outcropping along the shoreline, data for the rock types were interpreted from the geological map 
of the island at a scale of 1:50,000 published by the Greek Institute of Geology and Mineral 
Exploration (IGME, 1986). In order to estimate the coastal slope (in percentage), a slope map of 
the coastal zone was created with the use of the detailed 1:5,000 topographic maps of the area. By 
using this map as the main elevation source, the digital elevation model (DEM), of the coastal 
zone was created. Next for the zone, the slope map was implemented within ArcGis spatial 
analysis extension environment, and the map of slope zones (according to table 1) was produced. 
Finally, for the assignment of the proper slope categorization to each coastline segment, the 
intersection of slope zones with the coastline was performed. Mean shoreline erosion or accretion 
rates were obtained from interpretation of aerial photos of the island taken in 1986 and 2009 
respectively.  
Table 1- Ranges for sensitivity ranking of the six variables. 
VARIABLES     Categories     


















)/accretion (+) rate m/year >(+2.0) 
(+2.0)-
(+1.0) (+1.0)-(-1.0) (-2.0)-(-1.0) <(-2.0) 
Coastal slope (%) >12% 9-12% 6-9% 3-6% <3% 
Relative sea-level rise 
(mm/year) <1,8 1,8-2,5 2,5-3,0 3,0-3,4 >3,4 
Mean wave height (m) <0,3 0,3-0,6 0,6-0,9 0,9-1,2 >1,2 
Mean tide range (m) >6,0 4,0-6,0 2,0-4,0 1,0-2,0 <1,0 
Sensitivity  Very low Low Moderate High Very high 
 
Although relative sea- level change is the combination of both the global eustatic sea-level rise as 
well as local isostatic and/or tectonic land movements, for this study this variable includes only the 
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eustatism component. This is because no recent local tide gauge measurements of the relative sea-
level change or published information concerning the slip rates of the faults of the broader area of 
the island were available. Mean tidal range was deduced from published information (Tsimplis, 
1994). The mean annual values of significant wave height have been abstracted from the Wave and 
Wind Atlas of the Hellenic Seas (Soukisian et al, 2007) which is based on offshore measurements 
for the time period between 1999 and 2007 (POSEIDON program). 
To obtain a preliminary assessment of the impacts of the anticipated sea-level rise on socio-
economic activities, land cover of the coastal zone was identified utilizing the relevant map of the 
Corine 2000 Land Cover Program (table 2). Seven land cover categories were recognized, 
including urban areas, natural vegetation, cultivations etc. Land cover classes were compared with 
areas of higher CSI values, which represent the highly and very highly sensitive segments of the 
shoreline. 
GIS software ArcGis (ver. 10.0), provided the platform for the coastal mapping and calculation of 
the index. For each variable the entire coastline of the island is segmented into five sensitivity 
classes, and a sensitivity rank number is assigned to each segment of the coast indicating the 
sensitivity level in terms of the given variable. The method of computing CSI in this study is 
similar to that applied by Pendelton et al (2005) and Thieler and Hammar- Klose (1999). In order 
to display the results of the index derived from integration of the variables, a template of segments 
has been derived for the coast. The segment-based template has been used to store and portray data 
for each of the variables in an attribute table (in vector format using shapefiles in ArcGis), for 
adjacent segments along the coast. For each of the six variables, a ranking on a scale of 1-5 was 
assigned to each segment (with rank 1 representing very low sensitivity and rank 5 indicating very 
high sensitivity) following the classification scheme outlined in table 1. The final CSI map 
generated combining all the variables, showed 503 segments of the coast each having a unique 
identity in its corresponding attribute table. Another field is added to this attribute table for the CSI 
formula so that the system generated the CSI values for all the coastline segments of the island. 
The resulting output of CSI values were categorized into five classes by applying the natural 
breaks classification method such that the discrete index values of coastline segments are ranked in 
terms of their magnitude for the construction of the final CSI zonation map. 
Table 2 - Shoreline segments’ length and corresponding percentage of the seven land cover 
categories that occupy the five sensitivity classes along the coast of Astypalaea Island (land 














  % Km % Km % Km % Km % Km 
Natural grassland 78,40 87,35 69,43 6,94 74,25 7,39 79,82 8,51 19,96 0,31 
Airport 0,23 0,25 - - - - - - - - 
Discontinuous 
urban fabric 0,72 0,80 - - - - 0,84 0,09 - - 
Sclerophyllous 
vegetations 19,74 22,00 28,84 2,88 23,55 2,34 13,36 1,42 15,29 0,24 
Complex 
cultivation 
patterns 0,75 0,83 0,48 0,05 2,20 0,22 4,68 0,50 53,92 0,83 
Agricultural land, 
with areas of na-
tural vegetation 0,16 0,18 1,25 0,13 - - 1,03 0,11 - - 
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Non-irrigated 
arable land - - - - - - 0,26 0,03 10,82 0,17 
Total 100 111,43 100 10,0 100 9,95 100 10,66 100 1,54 
 
4. Results 
4.1. CVI Variables 
The geomorphology variable is a non numerical one and expresses the relative response of 
different types of coastal landforms to sea- level rise (Gaki-Papanastassiou et al., 2011). It 
considers also the relative resistance of various geological formations occurring along the 
shoreline to marine erosion processes. Thus, it is ranked qualitatively according to the relative 
strength of the coastal landforms and rocks. The main coastal landforms of the study area 
identified during the field coastal geomorphological mapping were marine cliffs composed of 
various rock types such as limestones and flysch, as well as gravelly beaches. Marine cliffs 
represent the main landform of the island occupying a total length of 134.4 km, which corresponds 
to 93.66% of the coastline. Cobble beaches occupy 5.4km or 3.74% of the coastline while sandy 
beaches occupy 3.7km or 2.6% of the total coastline (Figure 2). Most of the beaches on the island 
are recognized as pocket beaches. The different landforms recognized were classified as shown in 













length (%) 14,22 46,81 32,63 3,74 2,6 100 
length (km) 20,4 67,2 46,8 5,4 3,7 143,5 
Sensitivity very low low moderate high very high 
 
Figure 2 - Table and map of sensitivity classification of the Astypalaea Island coastline 
according to the variable of geomorphology. 
Among the considered variables, coastal slope is the main indicator of inundation risk. 
Determination of the regional coastal slope identifies the relative sensitivity of inundation and the 
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potential rapidity of shoreline retreat as low-sloping coastal regions should retreat faster than 
steeper ones (Dwarakish et al., 2009). Regions with coastal slope less than 3% were characterized 
as very highly sensitive, while cliffs with slope higher than 12% were of very low sensitivity. The 
5.25% of the coastal zone, mainly in Maltezana and Livadi Bays, is low-lying and is characterized 
as highly susceptible to inundation. More than 79% of the coastline, which corresponds to more 
than 114km of the total coastline, is characterized as very low sensitive. That’s due to the presence 
of steep rocky cliffs (Figure 3).  
 
Coastal Slope (%) >12% 12-9% 9-6% 6-3% <3% total 
length (%) 79,5 5,6 5,34 4,31 5,25 100 
length (km) 114,2 8,01 7,6 6,2 7,5 143,5 
Sensitivity very low low moderate high very high 
 Figure 3- Table and map of sensitivity classification of the Astypalaea Island coastline 
according to the variable of coastal slope. 
Coastline change rates in Astypalaea Island incorporate change rates from +1m/year of accretion 
(moderate sensitivity) to -2m/year of erosion (very high sensitivity) between 1986 and 2009. A 
shoreline length of 138.6km (or 96.5% of the entire coastline) is relative stable (mean shoreline 
shifting rate within ± 1 m/year), while only 0.7km (or 0.5% of the coastline) belongs to the class 5 
– very high sensitivity (Table 1). Field coastal geomorphological mapping has verified that erosion 
is the main process along Maltezana beach in Maltezana Bay. 
Relative sea- level change is considered to have the same value along the island’s coastline. 
During the field survey submerged archaeological ruins of Late Roman- Early Byzantine age were 
found in Maltezana at about 50cm below the present sea-level. Considering Lambeck’s (1996) sea-
level curve for the Aegean Sea it is obvious that submergence is the result of glacio-eustatic rise of 
sea-level. This indicates that eustatism is the main sea-level rise cause for the island since that 
period. Hence, this variable took the value 1.8mm/year (low sensitive- class 2 in table 1), which is 
the mean eustatic global sea- level rise rate for the time period 1850-1950 (Solomon et al., 2007).  
The variable of tidal range is linked to both inundation and erosion hazards (Gornitz, 1991). 
Micro-tidal coasts (tidal range< 2m), are at high risk and macro-tidal (tidal range > 4m) coasts are 
at low risk (Abuodha et al., 2010). The reason for this ranking is the potential influence of storms 
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on coastal evolution and their impact relative to the tide range. A micro–tidal coast is essentially 
near high tide and therefore always at the greatest risk of inundation from storms. Astypalaea 
Island is a micro-tidal region with astronomical tide range < 0.15m (Tsimplis, 1994). As such, the 
tidal range variable is ranked according to Thieler and Hammar- Klose (1999) with the value 5 
(highly sensitive). 
Wave height is proportional to the square root of wave energy, which is a measure of the capacity 
for erosion. The wave climate of the island is dominated by offshore significant wave heights of 
0.6-1.2m, according to the output of the wave model (Poseidon program), which have been 
calibrated with the use of offshore field measurements (Soukisian et al., 2007). Hence, 30.78% of 
the coastline along the southern part of the island (which corresponds to 44.2km of the entire 
coastline) is considered to have moderate sensitivity and the rest of the coastline is considered to 
have high sensitivity. 
4.2. The CSI Values 
The calculated CSI values along the coastline of Astypalaea Island range between 3.87 and 25.81. 
The median value of the index for the study area is 10.0, and the standard deviation is 4.36. CSI 
values above 17.89 are classified as indicative of very high sensitivity. Only 12.1 km of the 
coastline corresponding to 8.5% of the entire coastline, is characterized as very highly and highly 
sensitive to sea- level rise, primarily due to low topography and the presence of highly erodible 
geological formations and landforms. Nearly 111.5 km of the shoreline (or 77.60% of the total 
coastline) is characterized as very low sensitive with CSI values between 3.87 and 7.74 (Figure 4).  
Very highly sensitive areas are located in Maltezana Bay (Maltezana village), Vathi Bay and 
Livadia Bay (Livadia village). Highly sensitive areas are found in Marmari Bay, west of Diapori 
Cape and on the northwest part of the island.  
 
CSI 3,87-7,74 7,75-11,18 11,19-14,14 14,15-17,88 17,89-25,81 total 
length (%) 77,6 6,97 6,93 7,43 1,07 100 
length (km) 111,5 10 9,9 10,6 1,5 143,5 
Sensitivity very low low moderate high very high 
 Figure 4- CSI Table and map of the Astypalaea Island coastline. 
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In terms of the socio-economic impacts of the anticipated sea-level rise, most of the coastal 
villages as well as tourism activities and facilities are concentrated along very highly and highly 
sensitive coastal segments. Furthermore, areas of high and very high CSI values are 
environmentally protected by International Conventions. 
5. Conclusions 
In this study the relative sensitivity of Astypalaea Island to environmental changes due to future 
rise in sea-level is assessed with the calculation of the Coastal Sensitivity Index. Calculated CSI 
values along the studied coastline vary between 3.87 and 25.81. All variables incorporated into the 
CSI assessment can be considered factors contributing to coastal change. However, some variables 
make a larger contribution to index variability than others. Of the six variables, coastal slope and 
coastal geomorphology introduce the greatest variability to the CSI values. Among the other 
variables, shoreline change rate and mean significant wave height shows a small variation, while 
mean tidal range and relative sea level change have the same value along the coastline.  
According to the criteria of coastal sensitivity, as defined in this study, an extensive segment of the 
island’s coastline is of very low (111.5km) and low (10.0km) sensitivity. Only 12.1km, 
corresponding to 8.5% of the entire coastline, is characterized as very highly and highly sensitive 
to sea- level rise. These sections of the coast include low gradient coasts such as pocket beaches 
composed of unconsolidated sediments. These areas will be more susceptible to both erosion and 
inundation. Highly sensitive regions (CSI values>14.15), are Maltezana, Livadia and Vathi. The 
shoreline of Maltezana village is the most rapidly eroding part of the island with obvious results of 
erosion along the beach zone of the settlement. 
A small length of the highly and very highly sensitive coastal zone is occupied by agricultural land 
while hosts the most important settlements of the island as well as tourism activities. It is 
estimated that during the summer period the population of the island is almost 13 times higher than 
the resident population. 
This study provides a detailed spatial GIS database of topographic, geological and physio-
geogrpahical characteristics, as well as land cover information for 143.5 km of shoreline, which 
could be renewed and expanded further in order to incorporate newly available data (e.g. storm 
surge), including new variables (e.g sediment budget), in the future for better results of a modified 
CSI. Besides the integration of CSI physical variables with further social cultural and economic 
factors may enable a broader assessment of the vulnerability of sections of the coast and the 
communities that live there. 
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